We discuss the production of the Higgs boson in topcolor models (TCMs) via the gluon fusion process. We consider the Higgs boson as a scalar bound state oftt. Nonstandard contributions of the top-yukawa coupling and effects of other heavy quarks, which are expected in realistic TCMs such as topcolor assisted technicolor models (TC2) and top-seesaw (TSS) models, are important for the gluon fusion process. However, there seems to be few analyses of the effects arising from the extension to QCD, such as the topcolor interaction. In order to estimate the contribution of colorons (A col ) to the effective gluon-gluon-Higgs (ggH-) operator, we derive a low-energy effective theory eliminating colorons by using the equation of motion for colorons. We then find that the coefficient A col of the ggH-operator is proportional to m 2 dyn /M 2 , where M and m dyn denote the coloron mass and the dynamical mass, respectively. We also emphasize that the contribution of colorons is opposite to the top-loop contribution within our approach of the effective theory. We note that TCMs with one composite Higgs doublet predict very large dynamical masses m dyn (= 0.6 − 0.7 TeV) for M ∼ O(TeV). The contribution of colorons A col thus becomes comparable to the top-loop effect A top . The large dynamical mass can be realized in TSS models consistently with the experimental value of the top quark mass, while the dynamical mass itself is adjusted to be small in TC2. We find that the coloron contribution A col can be sizable in a certain class of TSS models, numerically |A col |/|A top | = 0.2 − 0.7 with the Higgs boson mass m H = 1 TeV for a parameter region being safe from the constraint of the T -parameter. We argue conservatively that the Higgs boson production for TSS models has to be studied in non-perturbative frameworks, because higher order loop corrections due to colorons may be also sizable. In TC2, we need not worry that the contribution of colorons smear out perturbative estimations for the gluon fusion process. Since the top-yukawa coupling in TC2 is larger than the standard value by factor 3 − 4, the Higgs production is considerably enhanced. We can observe signatures of the Higgs boson in TC2 with m H
Introduction
The gauge interaction properties of the Standard Model (SM) have been measured quite precisely in the last decade. However, the Higgs particle is not yet discovered in spite of much effort. The physics behind the electroweak symmetry breaking (EWSB) and the origin of masses of quarks and leptons are left as unresolved problems. The idea of the top quark condensate [1, 2] , in which the 4-top-quark interaction is introduced to trigger the EWSB, explains naturally the large mass of the top quark at the order of the EWSB scale. Such a model is often called the "top mode standard model" (TMSM), because the scalar bound state oftt plays the role of the Higgs boson in the SM.
It is known that the original version of the TMSM has some difficulties: the top quark mass m t is predicted larger than the experimental value (m (exp) t = 174 GeV) by about 10%-30%, even if we take the ultraviolet cutoff (or the compositeness scale) to the Planck or the GUT scale [1, 3, 4] . In addition, such a huge cutoff also causes a serious fine-tuning problem. In topcolor models (TCMs) [5, 6, 7] , the 4-top-quark interaction, whose origin is not specified in the original version of the TMSM, is provided by the exchange of colorons which are color-octet massive gauge bosons. If we assume that the coloron mass M is around the TeV-scale, we can avoid the fine-tuning problem. Although the dynamical mass m dyn becomes quite large, m dyn = 0.6 − 0.7 TeV, in TCMs with one composite Higgs doublet, the problem m dyn ≫ m (exp) t can be resolved in some classes of models such as topcolor assisted technicolor models (TC2) [6] and top-seesaw (TSS) models [7] . In TC2, the topcolor interaction is responsible for the top-quark mass, while the EWSB occurs mainly due to technicolor interactions. Namely, the dynamical mass itself is adjusted to the experimental value of the top quark mass m (exp) t , assuming that the top quark condensate provides a small vacuum expectation value (VEV) v top ≃ v/(3 − 4), where v denotes the EWSB scale. The top-yukawa coupling in TC2 is larger than its value in the SM by about 3 − 4 times. This enhancement of the top-yukawa is quite important to the Higgs production via the gluon fusion process. We can expect that the mass of the Higgs boson (the tightly bound state oftt) is at the order of m (exp) t , m H ∼ 200 GeV. In TSS models, the dynamical mass does not correspond to the mass eigenvalue of the top-quark. The experimental value m (exp) t is obtained after diagonalization of the mass matrix for the top-quark via a seesaw mechanism. In order to have a seesaw-type mass matrix, a vector-like heavy colored fermion χ is needed. We note that the Higgs mass in TSS models becomes very large, m H ∼ O(1 TeV). Although the TMSM with extra dimensions proposed by Arkani-Hamed et al. [8] is also a candidate to resolve the fine-tuning problem etc., it is a pure bulk gauge theory without 4-fermion interaction in the bulk rather than a TCM [9] . The phenomenology of the TMSM with extra dimensions will be studied elsewhere.
In this letter, we consider the production of the Higgs boson in TCMs as the tightly bound state oftt. Although TCMs have several neutral scalar bosons in general, we focus on the scalar bound state oftt, which is closely related to the topcolor dynamics. Of course, a number of composite scalars and vector bosons are also included in TCMs. There is, however, a possibility to find no direct signature of them in near future, if they are too heavy. Contrary to the usual expectations, we may observe nonstandard contributions first in the Higgs boson production. We hence study the deviation from the SM.
The Higgs boson under our attention can be searched at Tevatron [10] or at LHC [11] .
The leading contribution to the Higgs boson production at hadron colliders comes from the gluon fusion process via loops of heavy quarks (the top-quark loop in the SM) [12] . The gluon fusion process is thus sensitive to the top-yukawa coupling and the number of heavy quarks. As we mentioned already, they are changed from the standard values in TC2 and TSS models. On the other hand, we find that extension to QCD such as the topcolor interaction also affects the gluon fusion process. In order to evaluate roughly the size of a contribution of colorons, we first derive the low-energy effective theory eliminating colorons by using the equation of motion for colorons. We then find that an effective gluon-gluon-Higgs-(ggH-) operator is induced in the effective theory and that the coefficient is proportional to m 2 dyn /M 2 . Noting that TCMs with one composite Higgs doublet predict a quite large dynamical mass, m dyn = 0.6 − 0.7 TeV for M ∼ O(TeV), we see that the contribution of colorons becomes comparable to the top-loop effect. We also emphasize that the contribution of colorons is opposite to the top-quark loop within our approximation. Here, we mention again that the large dynamical mass can be realized in TSS models consistently with m (exp) t , while the dynamical mass itself is adjusted to m (exp) t in TC2. Thus, we can expect that the contribution of colorons is sizable in such TSS models and that the effect of the enhancement of the top-yukawa coupling does not suffer from the contribution of colorons in TC2.
Next, we estimate quantitatively size of the effective ggH-coupling including the contributions of the top-quark loop, other heavy-quark loops, and colorons in TC2 and TSS models. In fact, we find that the contribution of colorons can be sizable in a certain class of TSS models, numerically |A col |/|A top | = 0.2 − 0.7 with m H = 1 TeV for a parameter region being safe from the constraint of the T -parameter. Strictly speaking, our results suggest that the Higgs boson production for TSS models has to be studied non-perturbatively, because higher order loop corrections due to colorons may also be sizable. Non-perturbative approaches are also required from the heavy Higgs boson mass, m H ∼ O(1 TeV), near the perturbative unitarity bound. In TC2, the effect of colorons becomes small, so that we need not worry that the non-perturbative effects of colorons smear out the effect of the enhanced top-yukawa coupling. We finally estimate the sizes of the HW W -and HZZ-couplings in TC2 at the tree level. We then find that signatures of the Higgs boson in TC2 can be observed even at Tevatron Run II as well as at LHC.
The effective ggH-operator induced by colorons
We define the amplitude for H → gg as
where G a µ (p) denotes a gluon with momentum p. In the SM, we can obtain A SM at the 1-loop level,
with v = 246 GeV, where we defined τ ≡ 4m 
Since the factor A SM in the τ → ∞ limit becomes independent on τ ,
the H → gg amplitude can be written as a local operator,
In this sense, the factor A corresponds to a coefficient of the local operator O ggH . Although the gluon fusion process is obviously sensitive to the top-yukawa coupling and the number of heavy quarks, the effect of strongly interacting colorons has not been studied. As we will see later on, the effect of colorons is not negligible for M ∼ O(TeV) and m dyn = 0.6 − 0.7 TeV. We hence classify nonstandard contributions in TCMs to the H → gg amplitude into three categories:
(a) Enhancement of the top-yukawa coupling;
Since TCMs incorporate multi composite Higgs doublets in general, the top-yukawa coupling can be larger than the SM one. It is quite important for the gluon fusion.
(b) Loop effects of other heavy quarks; Heavy quarks other than the top are generally introduced in TCMs. They also contribute to the H → gg amplitude at the 1-loop level.
(c) Contributions of strongly interacting colorons; Since colorons are strongly coupled to the top quark, effects of colorons are potentially sizable. In particular, an important effect comes from the large dynamical mass predicted in TCMs with one composite Higgs doublet.
Corresponding to the three contributions (a), (b) and (c), we split the factor A in Eq. (1) into three parts, A top , A heavy and A col ,
respectively. We can expect at least the enhancement of A top in TC2, and heavy quark effects A heavy in TSS models. In this section, in order to estimate the size of (c), we derive a low-energy effective theory by eliminating colorons by using the equation of motion for colorons. We consider a simple TCM with one composite Higgs doublet. This may not be realistic, but it is sufficient to understand the coloron contribution A col . In the next section, we estimate quantitatively the sizes of A top , A heavy , and A col in typical TCMs such as TC2 and TSS models.
After the topcolor symmetry is spontaneously broken down via
, an effective theory with colorons can generally be written as
with
The effective gluon-gluon-Higgs operator induced by colorons. Internal zigzag lines represent colorons.
up to dimension four operators, where A µ (G µ ) and J aµ L(R) denote the coloron (gluon) field and the current for the weak doublet q L (the weak singlet t R ), respectively 1 . In Eqs. (8)- (10) with the remnant gauge symmetry SU(N c ) QCD , the covariant derivative D µ , and the field strength G µν and A µν for gluon and coloron are written as
In the following analysis, the triple coupling g GAA plays important roles. We note
in usual TCMs. Substituting the equation of motion for A a µ into Eq. (7) and expanding it in the power of 1/M 2 , we can obtain the effective Lagrangian written in terms of local composite operators of q L , t R , and G µ :
and
Since only scalar operators with large anomalous dimension are relevant in the low-energy effective theory, we extract scalar channels from Eq. (14) at the leading order of the 1/N c -expansion:
where we used the Fierz transformation. The first term in Eq. (15) is the driving force of the top condensate. The second term is a source of the ggH-operator in fact. (See also Fig. 1 .) In order to obtain the low-energy effective theory with the Higgs doublet φ, we rewrite the effective Lagrangian Eq. (15) at the compositeness scale as follows:
with the bare Higgs doublet φ 0 . We can confirm the equivalence of Eq. (16) and Eq. (15) through the equation of motion for φ † 0 and φ 0 . The kinetic term of the Higgs doublet develops below the compositeness scale. We then obtain the low-energy effective theory at the weak scale:
φ . Since the neutral component of φ is written as (v+H(x))/ √ 2, the coefficient A col of the effective ggH-operator is obtained as
We emphasize that A col is opposite to the top-loop effect. (See also Eq. (4).) Now, we estimate roughly sizes of A col and A top in our TCM. Within the usual large N c -bubble approximation [13, 3] , we find the wave function of the Higgs doublet,
with the renormalization point µ. Since the topcolor coupling g ′ required for t t = 0 (or m 2 φ < 0) should be larger than its critical coupling,
we 
in terms of m dyn and g ′ . On the other hand, we obtain easily the contribution of the top quark loop in our TCM as A top = A SM (1) = α s /(8πv) by using the relation m 2 H = 4m 2 dyn in the bubble approximation 2 . Noting the ratio
with g ′ ∼ g ′ crit and g GAA = g s , we find that A col becomes comparable to A top , because our TCM predicts m dyn = 0.6 − 0.7 TeV with M ∼ O(TeV).
The coloron mass M ∼ O(TeV) is favorable in order to avoid the fine-tuning problem, while the large dynamical mass m dyn = 0.6 − 0.7 TeV is a consequence that the topcondensate is mainly responsible for the EWSB. Such a situation can be realized in TSS models. However, the dynamical mass is not necessarily large in TCMs with non-minimal Higgs sectors such as TC2. In this case, perturbative estimations of A top and A heavy are not smeared out. In the next section, we estimate quantitatively the effective ggH-coupling in TSS models and TC2.
3 Size of the effective ggH-coupling in TSS models and TC2
In this section, we evaluate sizes of A top , A heavy and A col in TSS models and TC2.
3-1 Top-seesaw (TSS) models
In TSS models, it is possible that the EWSB occurs via the "top-condensate" only. The large dynamical mass m dyn = 0.6 − 0.7 TeV can be tuned consistently with the experimental value m (exp) t (= 174 GeV) through the seesaw mechanism, which requires the additional vectorlike heavy quark χ. We expect naively that the mass of the Higgs boson becomes heavy, m H ∼ O(1 TeV), on the order of m dyn . Here, we should note that the W W -fusion process becomes comparable to the gluon fusion in the mass range m H ∼ O(1 TeV) in the SM.
In order to obtain a sizable contribution of colorons, it is favorable that the coloron mass is not so large. On the other hand, the mixing between t L and χ L , i.e., the mass ratio m dyn /m χ , is severely constrained from the T -parameter. The situation of M(m χ ) being a (multi-) TeV scale can be realized in the original version of TSS models (the U(1) tilting model) [7] : We consider the embedding the SM into a topcolor scheme,
acts only on the third (first and second) generation(s) of quarks and leptons. While the gauge symmetry breaking SU(3) 1 × SU(3) 2 → SU(3) QCD leaves colorons, U(1) 1 × U(1) 2 → U(1) Y and the U(1) B−L breaking leave two massive gauge bosons Z 1 and Z B−L , respectively. We can assume that only the condensation t L χ R has dynamically a nonzero value. We note that the mass termχ L χ R is related to the U(1) B−L breaking VEV in the U(1) tilting model. We hence take common masses Λ for Z 1 and Z B−L larger than M. The mass of χ is then expected m χ ∼ Λ ≫ M. In this situation, the approximation of the 4-fermion interaction for the coloron exchange is too rough to obtain the gap equation. Nevertheless, we can obtain the Pagels-Stokar (PS) formula [14] within one-loop approximation for the wave function of the Higgs boson.
We define the dynamical mass as the condensate oft L χ R ,
where t L is the weak eigenstate. After diagonalization of the mass matrix for the top-quark, we obtain yukawa vertices of χ and t in mass eigenstates as
where the prime X ′ denotes the mass eigenstate. The dynamical mass m dyn is written in terms of the yukawa coupling y dyn , 
where m χt is the singlet mass termχ L t R , and m χ and m t are physical masses for χ and t, respectively. The physical mass m t of the top quark is adjusted to its experimental value through the seesaw mechanism:
Plugging Eq. (28) with Eq. (27), we can rewrite s L in terms of s R ,
In order to estimate m dyn from Eq. (26), which corresponds to the PS formula, we need to calculate the wave function Z H . We note that the wave function Z H depends on the dynamical mass m dyn through the mixing angles s L and s R . Using a regularization with the naive UV-cutoff Λ (the mass scale of Z 1 and Z B−L ), we find approximately the wave function Z H with the momentum p of the Higgs boson as follows:
we can obtain a more convenient expression for Z H ,
where we introduced a constant term k(≈ 1) arising from ambiguities of various regularizations, etc.. Substituting Eq. (32) with p 2 = 0 for Eq. (26), we obtain the PS formula,
Since Eq. (34) is a closed equation for s R due to the relation (29) between s L and s R , we can solve Eq. (34) numerically, for example,
for k = 0, 1, 2, and Λ = 20 − 30 TeV and m χ = 5 − 10 TeV with v = 246 GeV and m t = 174 GeV. In fact, the above example is fairly safe from the present constraint of the T -parameter with m H =1 TeV [15] . Now, we estimate the H → gg amplitude A. With use of Eq. (28), the contribution of the top-quark loop is given by
Since the Higgs boson mass is expected larger than the threshold of the top-pair production, A top (TSS) has the imaginary part. (See also Eqs. (2) and (3).) The relations (28) and (29) lead to the contribution of the χ field at one-loop level,
at the leading order of m 2 H /m 2 χ . Although we do not explicitly integrate out the heavy fermion χ on the order of the coloron mass M, we can regard A heavy (TSS) evaluated in Eq. (37) as such an effect. We estimate the coloron contribution A col in TSS models from Eq. (19),
with N c g ′2 ≃ 8π 2 and g GAA = g s . Since we consider the Higgs boson production, we take the momentum of the Higgs boson to p 2 = m 2 H . We note that the imaginary part appears in A col (TSS) due to m 2 H > 4m 2 t . Numerically, we find A top , A heavy , and A col as follows:
with α s = 0.1, m H = 1 TeV, Λ = 20 − 30 TeV and m χ = 5 − 10 TeV, where we used the reference value of the coloron mass M = 2.1 TeV corresponding the expected bound for the direct production at TeV 33 [16] . The H → gg amplitude A is given by A = A top +A heavy +A col . The contribution A heavy of the χ field is suppressed due to the constraint of the T -parameter (s L ≪ 1). While the imaginary part of A col is negligible, that of the top-loop is dominant in A top , which is almost equivalent to the SM contribution. On the other hand, we find that the real part of A col is actually sizable in the above example,
Our estimation of A col does not include corrections to the gluon-top-anti-top vertex 3 and higher order loop corrections due to colorons. For example, the anomalous gluon magnetic moment G a µνt L σ µν T a t R arising from the vertex corrections may also affect sizably the gluon fusion process. Thus, we can allow an approach introducing the effective ggH-operator O ggH in the low-energy effective theory as non-perturbative effects of colorons from the beginning. The coefficient of O ggH can be taken even to positive as well as negative in this case 4 . In TSS models, the amplitude of
also receives non-perturbative effects due to the heavy Higgs mass near the perturbative unitarity bound, m H ∼ O(1 TeV). Thus, the Higgs boson in TSS models may be studied in non-perturbative approaches in any case. Since non-perturbative approaches such as Bethe-Salpeter equations are out of scope in this letter, the Higgs boson production in TSS models at LHC will be done elsewhere [18] . Table 29 in Ref. [10] . There is no data for m H ≥ 200 GeV in Ref. [10] . We assume that main decay mode of the Higgs boson in TC2 is pair production of weak bosons.
3-2 Topcolor assisted technicolor models (TC2)
In TC2, the dynamical mass m dyn itself is adjusted to m (exp) t . As a result, the gluon fusion process does not suffer from the contribution of colorons.
We easily obtain the contribution of colorons A col in TC2:
where we used g
On the other hand, the effect of enhancement of the top-yukawa coupling is given by
We emphasize that the value of v/v top is not changed, even if the coloron mass M is taken to a multi-TeV scale. Unless we specify matter contents of TC2 in detail, we cannot estimate contributions of techni-fermions having QCD charges, i.e., A heavy in our notation. For example, techni-fermions in models of Ref. [6] do not have QCD charges, so that they do not contribute the gluon fusion process. We then estimate the enhancement factor to the SM value as
with A heavy = 0, g GAA = g s and M = 2 − 10 TeV. Obviously, A col is negligible. Now, we study signatures of the Higgs boson production at hadron colliders. Since masses of top-pions π t much below ∼ 165 GeV are phenomenologically forbidden [17] due to the absence of the decay mode t → π + t + b, main decay mode of the Higgs boson is expected to be pair production of weak bosons. In this situation, we can apply the SM analysis at Tevatron [10] and at LHC [11] directly to TC2. Although HW W -and HZZ-couplings in TC2 are suppressed, Table 19 -21 in Ref. [11] . We assume that main decay mode of the Higgs boson in TC2 is pair production of weak bosons.
the effects are irrelevant under the narrow width approximation, because the branching ratio of H → V V is not changed from the SM in the mass range m Table 2 .) The Higgs boson in TC2 with the mass range m (exp) t < m H < 2m (exp) t can be discovered at LHC much more easily than the SM Higgs boson.
Summary and discussions
In this letter, we studied the effective ggH-coupling in TCMs. In particular, we considered the effect due to colorons as well as the contributions of the top-quark-, and other heavyquark-loops. In order to estimate the coloron effect, we derived the low-energy effective theory eliminating colorons by using the equation of motion for colorons. We found that the contribution of colorons A col is proportional to m 2 dyn /M 2 . Thus, A col is potentially sizable in models where the top-quark condensation is mainly responsible for the EWSB. We also found that the contribution of colorons is opposite to the top-quark loop within our approach of the effective theory. An important point is that the large dynamical mass (m dyn ∼ 0.6 − 0.7 TeV) can be realized consistently with the experimental value of the top-quark mass in TSS models, while it cannot in TC2. We showed that the contribution of colorons is actually sizable in a certain class of TSS models, numerically |A col |/|A top | ∼ 0.2 − 0.7 with m H = 1 TeV for a parameter region being safe from the constraint of the T -parameter. Strictly speaking, we have to study the Higgs boson production non-perturbatively in TSS models, since higher loop corrections of colorons, etc., are also expected to be sizable. In TSS models, non-perturbative approaches may be also required from the heavy Higgs boson mass, m H ∼ O(1 TeV), near the perturbative unitarity bound. In TC2, we need not worry that non-perturbative effects of colorons smear out perturbative estimations for the gluon fusion process, because the dynamical mass m dyn itself is small. Since the top-yukawa coupling in TC2 is larger than the SM value by factor 3 − 4, the Higgs boson production is considerably enhanced. We can obtain signatures of the Higgs boson in TC2 with m H ∼ 200 GeV even at Tevatron Run II as well as at LHC.
The process of H → γγ is also quite important, if m H is less than the threshold of the W W -pair production. However, we cannot estimate it unless we specify the sector of top-pions. In addition, we had better study the W W -fusion process for TSS models, since it becomes potentially comparable to the gluon fusion process in the mass range m H ∼ O(1 TeV). The detailed analysis will be done elsewhere [18] .
